The polypeptides induced by canine distemper virus (CDV) strains have been characterized by polyacrylamide slab gel electrophoresis of infected cell lysates labelled with 35S-methionine, 14C-amino acids, ZH-glucosamine and 3H-mannose, or 32P-orthophosphate. Seven virus-induced polypeptides have been assigned the following nomenclature and mol. wt.: a large polypeptide L (I8OOOO); a large glycoprotein H (77 ooo); a nucleocapsid-associated protein P (73 ooo); the nucleocapsid protein N (60oo0); the smaller glycoprotein Fo (590oo); a membrane protein M (35oo0) and a small polypeptide S (I5OOO). During pulse-chase experiments with 3H-glucosamine and l~C-amino acids the intensity of the Fo band decreases and that of the F1 and F2 bands increases; the H polypeptide band becomes more diffuse and the S-protein disappears. The N-and P-but not the M-proteins have been found to be phosphorylated. The polypeptide pattern of the Onderstepoort strain of CDV has been compared with that of two other CDV and with I7 measles and subacute sclerosing panencephalitis (SSPE) strains. Differences in the mobilities of various polypeptides have been observed between CDV and measles and SSPE strains; however, the only consistent difference is the mol. wt. of the M-protein of CDV strains which is smaller by 2ooo than that of MV and this may be a biochemical marker to distinguish CDV from measles and SSPE virus strains.
INTRODUCTION
Measles and canine distemper are among the most commonly occurring endemic virus diseases of children and household pets, respectively, and the causative agents are closely related members of the morbillivirus group (Kingsbury et al. I978 ). Both measles virus (MV) and canine distemper virus (CDV) play a role in degenerative neurological diseases in their natural hosts, namely subacute sclerosing panencephalitis (SSPE) in man (Connolly et al. I967) and old dog encephalitis (Lincoln et al. ~97I) . Furthermore, these viruses have been implicated in multiple sclerosis by immunological evidence (Adams & Dickinson, 1974; Cook et al. I979 a) and by epidemiological evidence for CDV (Cook & DoMing, I977; Cook et al. I978, I979b) although the latter appears indecisive at present (Nathanson et al. I978) . These viruses cannot be distinguished easily by immunological techniques and it is therefore important to establish biochemical markers for CDV and MV in addition to the only biological marker, i.e. the lack of haemagglutinating activity in CDV.
The polypeptides of MV and CDV have been compared earlier (Waters & Bussell, I973 ) and no differences were found. In this study we have used the Onderstepoort strain of IP: 54.70.40.11
On: Fri, 11 Jan 2019 04:04:40 I5O J. J. CAMPBELL AND OTHERS CDV in order to establish by pulse-labelling the numbers, size and characteristics of the polypeptides induced by CDV in infected cells. We have also compared the polypeptides of MV and SSPE strains, which we previously reported (Rima et al. I979) with three CDV strains. Although small differences in the mobility of virus polypeptides have been observed, these could not be correlated to either the virus group or the origin of isolation. The only feature that possibly could be used as a biochemical marker is the difference in the size of the M polypeptide of CDV which is consistently smaller than that of all the MV and SSPE strains tested.
METHODS
Cell culture. African green monkey kidney ceils (Vero or BSC-I obtained from Flow Laboratories, Glasgow, Scotland) were grown in Eagle's medium (BHK) supplemented with 5% (v/v) calf serum and antibiotics (penicillin, streptomycin and neomycin at 50 units/ml each).
Virus strains. Three strains of CDV were used, namely two vaccine strains, Onderstepoort (CDV-OND) and Rockborn (CDV-RB), and one non-attenuated strain, the SnyderHill strain (CDV-SH). Strains of MV and SSPE viruses used have been described before (Rima et al. r979) , but data on the undiluted and diluted plaque morphology variants (A. Chiarini, E. A. Gould & B. K. Rima, unpublished data) described by Drs Oddo and Chiarini (University of Palermo, Sicily, Italy) and recent isolates of MV (MVP and MVO) obtained from Dr Peacock (University of Bristol, U.K.) have been included.
Growth of CDV-OND in Veto cells. High titre CDV-OND stocks were obtained by growing the virus for a number of passages in BSC-I cells before passage in Vero ceils. The first passage in BSC-r was made with undiluted inoculum (titre: I@ p.f.u./ml). After an adsorption period of 3 h, lO ml of medium containing ~ #g/ml actinomycin D was added. The virus grew better in this cell line in the presence of low concentrations of this inhibitor, presumably due to a reduction of interferon production. After 3o h incubation cells and virus were harvested and sonicated as described earlier (Rima & Martin, t979) and passed again with undiluted inoculum. This procedure was repeated for a further two passages with undiluted inoculum and for four passages with I : Jo diluted inoculum, with actinomycin D present at alternate passages. Subsequently, the virus was passed undiluted on Vero cells. The cell sheet usually disintegrated at 24 h p.i. producing virus stocks with titres of 7"5 x io 7 to 8.0 x io 7 p.f.u./ml. These stocks could be passed with ~ : Ioo diluted inoculum on Vero cells and were used in all experiments. No differences, other than increased titres, were observed between the initial and final virus stock in polypeptide profiles and plaque morphology.
Radioactive labelling of virus polypeptides. Monolayers of Vero cells were infected at a m.o.i, of o" ~, and after the development of c.pe. at approx. 2o h p.i. the cells were incubated at 37 °C in methionine-free or glucose-free medium for 15 min, or phosphate-free medium for I h. After addition of 3~S-methionine (6oo to i2oo Ci/mmol) at IO/~Ci/ml, 3H-glucosamine (38 Ci/mmol) and 3H-mannose (5 Ci/mmol) at ~o/~Ci/ml each, or 32P-orthophosphate (carrier-free) at zoo/zCi/ml, the culture was incubated until complete cell fusion had occurred and the cell sheet started to disintegrate (usually at 24 to 25 h p.i.). The cell sheet and supernatant were harvested, sonicated and the virus purified as described before (Rima & Martin, I979) .
Pulse-labelling of infected cells. Monolayers of Vero cells in Petri dishes were infected at a m.o.i, of o.2 to o. 5 with an adsorption period of I h. At various times post-infection the medium was replaced with methionine-free, amino acid-free or glucose-free medium for t 5 min, or phosphate-free medium for 45 min. Cells were pulse-labelled with 35S-methionine at 5/~Ci/ml, '4C-algal lysate (6o mCi/mmol) at 5/tCi/ml, 3H-glucosamine and 3H-mannose each at IO/~Ci/ml, or 32P-orthophosphate at 2oo/~Ci/ml as described by Rima & Martin (T979) . All radiochemicals were obtained from The Radiochemical Centre, Amersham, Bucks.
Slab gel electrophoresis and fluorography. SDS-polyacrylamide gel electrophoresis (PAGE) and the drying of gel slabs have been described before (Rima & Martin, T979) . All slabs (8 to 15 o/ polyacrylamide gradient gels) were processed for fluorography on XRP 5 film (Kodak) according to the procedures of Bonner & Laskey (I974) .
Identification ofphosphoproteins. In order to demonstrate the presence of phosphorylated polypeptides, 3~P-labelled cell lysates were extracted with phenol, hot chloroform/methanol (3:I) and ether and the polypeptides were ethanol precipitated before analysis on SDS-PAGE. 32P-containing bands were cut out and polypeptides were eluted and hydrolysed using the method of Privalsky & Penhoet (I977) . The hydrolysate was dissolved in distilled water and thin-layer electrophoresis on cellulose-acetate plates was carried out as described by Lamb & Choppin (I977) . Phosphoserine and phosphothreonine (Sigma, Poole, Dorset) were added to the samples as internal markers and the plates were developed by ninhydrin staining and autoradiography.
RESULTS

Synthesis of polypeptides in CD V-infected cells
Replicate monolayers of Vero cells were infected with CDV-OND at a m.o.i, of o.I as described and labelled with 35S-methionine throughout the growth cycle in order to monitor the synthesis of virus-induced polypeptides. Under these conditions c.p.e, developed from I2 h p.i. onwards and complete fusion of the cell sheet had occurred by 2o to 24 h p.i. 3~S-methionine pulse-labelled samples were analysed on an 8 to I5% polyacrylamide gradient slab (Fig. I a) . At I ~ h p.i. the first virus-induced band became detectable but major host proteins were still synthesized as in mock-infected cells. By ~7 to I9 h p.i. there was a decrease in the amount of host polypeptide synthesis and at the same time a number of newly induced polypeptides could be detected. At least six bands of similar mobilities to MV-induced polypeptides appeared after CDV infection. In fact, the close similarity of CDV polypeptides to those already described for measles virus strongly suggests that a common nomenclature for morbillivirus polypeptides is desirable and we have adopted the designations described by Graves et al. (x978) and used for MV by Rima & Martin (I979) and for CDV by W. W. Hall, R. A. Lamb & P. W. Choppin (unpublished data), as follows: L (tool. wt. ~8oooo); H (mol. wt. 77ooo); P (mol. wt. 73ooo); N (tool. wt. 6oooo); M (tool. wt. 35ooo) and S (moI. wt. I5ooo). The N polypeptide, and in some preparations N, L and M polypeptides, could be detected as early as 9 h p.i.
As described for measles virus (Rima & Martin, I979) , attempts to purify virus from either released or cell-associated harvests have failed to provide particles entirely free from host components. However, by appropriate choice of labelling periods, late after infection, 'purified' virus preparations can be obtained that show relatively low contaminating levels of host polypeptides and heavily labelled virus polypeptide bands (Fig. I b) . Polypeptides designated L, H, P, N and M were labelled and in addition a polypeptide with mol. wt. 4o K was detected. S appeared to be a minor component in these preparations but this may be the result of the instability of this polypeptide, which we have found in pulse-chase experiments to turn over rapidly (Fig. I c) . Similar results have been obtained with the S polypeptide in MV-infected cells. 
Glycoproteins of canine distemper virus
The glycoproteins of canine distemper virus were labelled with a mixture of 3H-glucosamine and 3H-mannose and analysed by slab gel electrophoresis. Pulse-labelling (t h pulses) throughout the growth cycle showed that the incorporation of tritiated sugars into host polypeptides did not diminish late after infection (Fig. 2) and that CDV infection induced two bands of glycopolypeptide of approximately equal intensity with mol. wt. 77ooo and 59ooo (Fig. 2) . These could be detected at ~3 h p.i. and they co-migrated with the bands designated H and N. We have previously shown that MV polypeptides N and F0 co-migrate in our gel system (Rima & Martin, I979) and it is therefore probable that the heavily labelled 6oK band designated N masks the F0 band of CDV.
The distribution of 3H-glucosamine/mannose among the polypeptides present in samples of purified virus is different from that in samples of virus-induced polypeptides. Fig. 2 (lane 8) shows that although a number of minor host-specified bands were present in the purified virus preparation, a considerable amount of tritium appears to be associated with a band of tool. wt. 16ooo, designated F~. Furthermore, the amount of radioactivity in the F0 band was reduced in comparison to that in the H band. A precursor product relationship has been suggested between the F0 (6oK)glycoprotein, F1 (4oK non-glycosylated) protein and F2 (r6K) glycoprotein for MV (Graves et al. 1978; Hardwick & Bussell, I978; Rima & Martin, 1979) . In order to obtain similar data for CDV, pulse-chase experiments were performed. We have only been able to detect the F2 component by labelling with 3H- glucosamine/mannose and not with 35S-methionine and therefore a pulse-chase experiment was performed with 14C-amino acids (Fig. 3) . A 3o min pulse was followed with chase periods of up to 3 h in which Eagle's medium was present. In some experiments, as shown in Fig. 3 , it was possible to separate the Fo band from the N band. After chase periods of I h or longer the F0 band disappeared and a new band with mol. wt. 4oooo appeared to increase in intensity (see also Fig. l c) . This polypeptide designated F1 by analogy to MV has also been found in' purified' virus (Fig. I b) . The F2 glycopolypeptide has not been identified in pulse-chase experiments with '4C-amino acids nor with 35S-methionine, presumably because F2 is mostly composed of carbohydrate. The interpretation of pulse-chase experiments with 3H-glucosamine/mannose (data not shown) was complicated by the fact that replacement of radioactive labelling medium did not stop incorporation of tritium into glycoproteins. However, the results were consistent with the proposed conversion of a large (6oK) Fo glycoprotein to a smaller glycopolypeptide F2 06K), similar to the situation in MV. However, for both viruses, this precursor-product relationship remains to be proven by peptide mapping experiments. A further observation made during the pulse-chase experiments was that the H band became more diffuse during the chase periods and its mobility decreased, presumably due to an additional slow glycosylation step in the maturation of the H-protein. Similar results have been obtained with MV. 
Phosphoproteins of CD V
Replicate monolayers of mock-infected and CDV-infected Vero cells were pulse-labelled with 82P-orthophosphate at hourly intervals from I6 h p.i. and the products were analysed on slab gels in order to identify the phosphoproteins associated with CDV. Only two induced 32P-labelled polypeptides were detected (Fig. 4) and these co-migrated with the N and P bands. In order to confirm that 32p was covalently attached to the polypeptides by ester bonds to threonine and serine, 32P-labelled cell lysates were extracted with phenol, hot chloroform/methanol and ether to remove phospholipids and nucleic acids, electrophoresed in SDS-PAGE and the individual 3zP-containing bands were excised, eluted and acid hydrolysed. The hydrolysate, separated by electrophoresis on thin-layer chromatography, appeared to contain 32P-labelled phosphothreonine and phosphoserine, with the latter being the major component. This confirmed that the 32P-labelled bands observed in the gel were indeed phosphoproteins. The P-protein of CDV was more heavily phosphorylated than the N-protein, but in some MV strains tested the reverse was the case. Similar phosphoprotein patterns were obtained with purified virus.
Comparison of potypeptides of other CD V strains
All previous experiments were carried out with CDV-OND and we have compared the mobilities of polypeptides induced by CDV-OND with those induced by two other strairts, CDV-RB and CDV-SH. It proved difficult to obtain good quality high titre stocks of those strains for high m.o.i, infections in Vero cells. However, we succeeded in labelling infected IP: 54.70.40.11
On: Fri, 11 Jan 2019 04:04:40 cells with 35S-methionine and 3H-glucosamine/mannose (Fig. 5) . The major differences between these strains were found to exist in the mobilities of the H-proteins. The H-protein of CDV-SH was considerably larger than that of CDV-OND and the mobility of the H-protein of CDV-RB was intermediate between CDV-SH and CDV-OND (Fig. 5a ). These results were confirmed when infected cells were labelled with 3H-glucosamine/ mannose (Fig. 5b) . No differences were found in the F0 (Fig. 5b) . However, strain CDV-RB appeared to differ from the other two in the size of the M polypeptide (slightly smaller). The S-protein of CDV-RB and CDV-SH could not be identified on the gel shown but in other experiments, minor differences in the mobility of the S-protein of the various CDV strains have been detected.
Comparison of the polypeptides of M V and CD V
Very early in our studies with slab gels, it became apparent that there were differences in the mobilities of MV and CDV polypeptides that had not been resolved in the cylindrical gel system used by Waters & Bussell (r973) . Fig. 6 shows a comparison of the polypeptides induced by the Edmonston strain of MV and the Onderstepoort strain of CDV. The differences in the mobilities of the H and P polypeptides cannot be used as a marker for CDV as variations occur in the mobility of the H polypeptide of various CDV strains (Fig. 5) and in the mobilities of P polypeptides of MV strains (Wechsler & Fields, I978; Rima et al. t979) . The most consistent feature that distinguishes the polypeptides of the two viruses is the difference in mobility of the M polypeptide (Fig. 6) . 
DISCUSSION
In this paper we have established the major biochemical characteristics of the proteins induced in Vero ceils by infection with CDV and we have compared their mobilities in polyacrylamide gel electrophoresis with a variety of MV and SSPE isolates. CDV induces seven polypeptides, which although very similar in size to those induced by MV, do show consistent differences which were not previously described by Waters & Bussell (1973) in their original comparison of these two viruses. We have suggested that a common nomenclature for morbillivirus proteins should be adopted and we have used here the designations previously used for measles virus. The designations, number and sizes of the polypeptides reported here are in excellent agreement with those found by Hall e t a l . (unpublished data). The H-protein appears to undergo additional modificationover 2 to 3 h chase periods as its band in polyacrylamide gels broadens. The mobility of the H-protein of CDV-SH is similar to that of the MV strains tested. However, this strain, like all other CDV strains, does not possess the haemagglutinating activity characteristic of MV and SSPE strains. The results of pulse-chase experiments are consistent with the view that the F0 glycoprotein is cleaved into two fragments, F 1 (non-glycosylated mol. wt. 4ooo0) and F2 (glycosylated mol. wt. 16o0o). However, a precursor-product relationship between these virus polypeptides remains to be proven by peptide mapping. The Onderstepoort strain of CDV differs from all other CDV and MV strains tested, in the ratio of the 3H-glucosamine/mannose incorporated into the H-and F-proteins since in all MV and CDV strains except CDV-OND, the H-protein band is much more heavily labelled than the F-protein complex. Both the P-and N-protein are phosphorylated and we have confirmed that phosphate groups are bound to threonine and serine residues. The ratio of incorporation of 3~P-orthophosphate into P and N varies from strain to strain and probably part of the variety of the mobilities in the P and N polypeptides found may be explained by the effect of phosphorylation. We have not been able to identify unambiguously the M polypeptides of CDV and MV as phosphoproteins, as was recently described for MV by Fujinami & Oldstone 0979)-Results similar to ours have been described recently for MV by Robbins & Bussell (I979)-
The S-protein is virus induced and can be identified in infected cells of CDV and MV strains although it appears more readily in cells infected with high m.o.i, of good quality virus stocks. Tryptic digest fingerprirtt analysis (K. Scott, unpublished data) shows that the S-proteins induced by CDV and MV are similar. This protein turns over rapidly and may be analogous to the C-protein reported in Sendal virus-infected cells (Lamb & Choppin, We have already reported an extended survey of mobilities of polypeptides of MV and SSPE strains (Rima et al. t979 ) and now we cart incorporate data obtained for CDV and two more recent isolates of MV. The main features of this survey are reported diagrammatically in Fig. 7 -The mobilities of the glycoproteins H and Fo have been confirmed in all cases (and F2 in some cases) by labelling with ~H-glucosamine/mannose. We have listed the similarities and differences between the various strains examined as follows.
